We present a detailed powder and single crystal neutron diffraction study of the spin chain compound Ca3Co2O6. Below 25 K, the system orders magnetically with a modulated partially disordered antiferromagnetic structure. We give a description of the magnetic interactions in the system which is consistent with this magnetic structure. Our study also reveals that the long-range magnetic order co-exists with a shorter range order with a correlation length scale of ∼ 180Å in the ab plane. Remarkably, on cooling, the volume of material exhibiting short range order increases at the expense of the long-range order.
We present a detailed powder and single crystal neutron diffraction study of the spin chain compound Ca3Co2O6. Below 25 K, the system orders magnetically with a modulated partially disordered antiferromagnetic structure. We give a description of the magnetic interactions in the system which is consistent with this magnetic structure. Our study also reveals that the long-range magnetic order co-exists with a shorter range order with a correlation length scale of ∼ 180Å in the ab plane. Remarkably, on cooling, the volume of material exhibiting short range order increases at the expense of the long-range order. The appearance of plateaux in the magnetization curves of low dimensional quantum spin systems (e.g. NH 4 CuCl 3 [1] and SrCu 2 (BO 3 ) 2 [2] ) has generated considerable attention from both an experimental and a theoretical point of view. In this respect the spin chain system Ca 3 Co 2 O 6 is very interesting because at low temperatures several steps, equally spaced in magnetic field, appear in the magnetization [3, 4, 5] , a behavior reminiscent of quantum tunneling of magnetization in molecular magnets [6] . The origin of this intriguing phenomenon is still an open question [7, 8] and the magnetic properties of Ca 3 Co 2 O 6 have been intensely studied in the past decade using many techniques, including x-ray [9, 10, 11] and neutron [12, 13, 14] scattering, NMR [15] , calorimetry [16] , and magnetometry [3, 4, 5] . Ca 3 Co 2 O 6 is a rare example of a material where ferromagnetic (FM) 1D Ising spin chains are coupled through a much weaker antiferromagnetic (AF) exchange on a triangular lattice. The spin chains in Ca 3 Co 2 O 6 are made up of alternating face-sharing octahedral (CoI) and trigonal prismatic (CoII) CoO 6 polyhedra, running along the c axis and arranged in a triangular lattice in the ab plane [17] . The different Co environments leave the Co 3+ ions on the CoI sites in a low-spin (S=0) state, and those on the CoII sites in the high-spin (S=2) state [9, 11, 15] . Crystalline electric fields also lead to a very strong anisotropy with the moments preferentially aligned along the c axis [3, 4] . The zero-field magnetic structure of Ca 3 Co 2 O 6 has yet to be described unambiguously. Most theoretical descriptions of the magnetic structure center around the two stable configurations for 1D Ising chains coupled antiferromagnetically on a 2D triangular lattice, the ferrimagnetic structure (M, M, −M ) and the partially disordered antiferromagnetic (PDA) structure (M, −M, 0) [18] (the labels in parenthesis indicate the relative magnetizations on the triangular lattice). The step-like magnetization has been described using the Ising model on a triangular lattice [7] . There are, however, experimental data which suggest a more complex magnetic structure for Ca 3 Co 2 O 6 . A pronounced drop in the intensity of the magnetic peaks on cooling below 18 K in zero field has been observed in powder [12, 13] and single crystal diffraction studies [14] . Recent resonant x-ray scattering (RXS) studies [10] showed a small (∼ 0.01Å −1 ) incommensuration in the magnetic reflections associated with a long-period modulation of the magnetic structure along the c axis.
In this work we address three fundamental questions that are key to understanding the physics, including the step-like behavior of the magnetization at low T , of Ca 3 Co 2 O 6 . 1) What is the true magnetic ground state of this material? 2) What is the physical origin of the observed modulation in the magnetic structure? 3) What produces the low T reduction in the magnetic intensity seen in previous RXS and neutron scattering studies? To this end, we have carried out a careful investigation of Ca 3 Co 2 O 6 using neutron diffraction measurements as a function of T . The results reported here reveal that the actual magnetic order is neither a simple PDA nor ferrimagnetic, but corresponds to a longitudinal sinusoidally modulated structure with a very long periodicity. We present a description of the magnetic interactions in this system, that can explain the observed modulation and emphasizes the need to consider the 3D character of the magnetic coupling in Ca 3 Co 2 O 6 . Finally, our data reveal that the reduction in the magnetic intensity of the neutron diffraction peaks is due to a coexistence of long and short range magnetic order. The results presented below provide a new insight into the nature of magnetic order in this geometrically frustrated material and call for a comprehensive revision of the theoretical models used to describe the magnetic behavior in Ca 3 Co 2 O 6 . (χ 2 =9.18, R F 2 =18.84, R wF 2 =24.53) revealed that no structural transitions occur on cooling from 30 K down to 2 K; there are no significant variations in the lattice reflections or the atomic parameters, which are in good agreement with those in the literature [12, 17] .
Single crystals of Ca 3 Co 2 O 6 were grown in a KCO 3 flux using Ca 3 Co 2 O 6 powder synthesized via a solid state reaction [3] . A single crystal 15×2×1mm 3 with the longest direction parallel to the c axis was used for the neutron diffraction experiments. The high quality of the crystals was confirmed by x-ray diffraction, energy dispersive x-ray, magnetization, and specific heat measurements.
Neutron single crystal diffraction experiments were performed on the SXD time-of-flight instrument at the ISIS-RAL, UK. SXD uses the white beam Laue technique, a stationary crystal, and a large area positionsensitive detectors covering a solid angle of ∼ 2π sr [22] , allowing a quick data collection over a large area of reciprocal space. Neutron powder diffraction experiments were conducted on the GEM instrument (ISIS) and were used to follow the T evolution of the magnetic structure. The 4-circle TriCS thermal neutron single crystal diffractometer at the SINQ facility of the PSI, Switzerland was used for precise measurements as a function of T of the position, intensity, and width, of a selection of magnetic and nuclear peaks. With a graphite (002) monochromator providing a wavelength of 2.32Å, the TriCS resolution ∆d/d was about 0.5%. The results of the SXD measurements are shown in Fig. 1 . Magnetic reflections appearing below T N =25 K can be indexed by the propagation vector k=(0,0,1) with respect to the hexagonal setting of the rhombohedral space group R3c [23] . The only apparent difference between the data collected at 20 and 2.2 K is an ∼20% drop in the intensity of the magnetic peaks at low T , as previously reported [12, 13, 14] . All the (hkl) magnetic peaks have even l, which supports the idea that the intrachain ordering is ferromagnetic. The systematic absence of the (00l) class of reflections confirms the Ising nature of the magnetic system with the Co magnetic moments aligned parallel to the c axis. Previous neutron diffraction studies have suggested Ca 3 Co 2 O 6 adopts a ferrimagnetic structure [12, 13] . This assumption can be rejected as this would lead to additional magnetic contributions at k=0, and especially in the (110) and (300) peaks, that are not observed experimentally in either single crystal or powder neutron measurements (see Fig. 2a ). Our SXD single crystal data is consistent with a simple PDA structure. The refined value at T =20 K of the magnetic moment on the high-spin (S=2) CoII ion is 5.0 ± 0.1 µ B [24] and includes a sizeable orbital moment (L∼1). Magnetic dichroism measurements on Ca 3 Co 2 O 6 gave similar values for the spin and orbital moments on the CoII ion [9] .
GEM powder diffraction data, of slightly higher resolution, reveal that the magnetic propagation vector is in fact incommensurate with the crystal structure, k=(0,0,k z ) k z ∼1.01, in excellent agreement with recent results obtained with magnetic x-ray scattering [10] . This is illustrated in Fig. 2b , where a commensurate value for k z fails to reproduce the correct position of the magnetic Bragg peaks. Symmetry analysis using representation theory shows that the magnetic represen- tation Γ for a magnetic ion on site 6a (0, 0, 
where the subscript 1 and 2 refer to symmetry related sites 1:(0, 0, Fig. 3a . If the periodicity is truly incommensurate with the nuclear lattice, (k z is not a fractional value), any value of moment between -M and +M is found somewhere in the lattice. At specific lattice points, the magnetic configuration within nearest neighbor sites in adjacent chains of the triangular lattice is exactly the simple PDA structure with (M, −M, 0) configuration. At other lattice points, the configuration is exactly (M, −M/2, −M/2). Other intermediate situations are also found. This type of structure is usually induced by competing exchange interactions in the presence of strong axial anisotropy, stabilizing an arrangement in which the ordered component of the magnetic moment fluctuates along the propagation direction.
Ca 3 Co 2 O 6 is often described in terms of Ising chains on a triangular lattice. Within this framework, the AF in-plane correlations and the FM correlations along the c axis are completely decoupled. Clearly, the magnetic energy of such a lattice is not lowered by introducing a small incommensurability, so the approximation to a 2D lattice must be revised. The Co ions in adjacent chains in Ca 3 Co 2 O 6 are shifted out of plane by 1 6 or 2 6 of c [17] . A sketch showing the interactions within a single triangular unit in the structure and omitting the oxygen atoms for simplicity, is shown in Fig. 3b . Within each chain, direct Co-Co overlap dominates and leads to a strongly ferromagnetic interaction J 1 [26] . The inter-chain coupling is more complex. There are two inequivalent AF supersuperexchange interactions involving Co-O-O-Co paths labeled as J 2 and J 3 , that follow helical paths and connect the Co sites in adjacent chains. For J 2 , the overlap of the O 2p orbitals is very small making J 3 the dominant term after J 1 [26] . This helical exchange pathway introduces an AF inter-chain coupling between the nearest neighbor CoII ions that competes with the intrachain FM interaction producing the observed modulation along the c axis. This type of competition leads naturally to non-colinear helicoidal arrangement for weak single-ion anisotropy, or a longitudinal sinusoidally modulated structure in the presence of large axial anisotropy as described here. We note that the present structure contains extended regions with very weak static magnetic moments, a situation that favors the development of defects or dislocations along the chains.
Finally, we address the origin of the reduction in intensity of the magnetic peaks. Figures 4a and 4b show transverse scans in the ab plane through the (100) mag-netic Bragg peak as measured on the TriCS diffractometer at T =5 K and T =21 K. The peaks are fitted using two Gaussian functions with significantly different widths, the narrower of which corresponds closely to the instrumental resolution. The T dependence of the peak widths are shown in Fig. 4c . Above 21 K, the peak cannot be fitted reliably with the two components, therefore the data are truncated at this point. At T =21 K, the ratio of the intensities of broad and narrow components is 0.2; this ratio increases to 0.7 at low T . A similar behavior has been observed for several other magnetic peaks, including the (200), (112) and (102) and in difference plots of the GEM powder diffraction data collected at different temperatures. The loss of integrated intensity in the narrow component is mirrored by an increase in intensity of the broader feature as well as in the overall background. In other words, the anomalous reduction in the intensity of the magnetic peaks is due to the onset of a short-range magnetic ordering. From the reflection widths measured at 5 K, the estimated correlation length for the short range order is 180Å in the ab plane [27] . This is a clear sign of the increasing instability of the longer-range magnetic order as the temperature is reduced. One can speculate that the onset of shorter-range correlations originates from defects in the propagation of the long-range magnetic structure presented earlier, with stacking faults developing along the c direction. These results are clearly different from the case of Ca 3 CoRhO 6 where short range magnetic order is observed above and below the long range ordering temperature of 100 K, but there is little or no T dependence to the diffuse component below 100 K [28] .
In summary, neutron diffraction measurements show that the magnetic structure in Ca 3 Co 2 O 6 is a complex modulated PDA structure running along the c axis. We propose a description of the magnetic interactions in terms of helical path couplings. This 3D description can explain the observed modulation along the chains. Our data reveal the appearance, at low T , of a short range magnetic structure that coexists with the long range order. We suggest that this phase coexistence is the origin of the drop in the intensity of the antiferromagnetic reflections at low T observed in previous experiments. which is inside the Brillouin zone and so the modulation does not split the magnetic peaks when x = 1 3 .
[24] In our refinement we have fixed at zero the magnetic moment of the CoI ion because it is now well established [9, 11, 15] 
